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Middle Miocene (18-12 Mya) mammalian faunas of the North American Great Plains
contained a much higher diversity of apparent browsers than any modern biome. This has been
attributed to greater primary productivity, which may have supported greater browser diversity
that commonly corresponds with densely vegetated habitats. However, several lines of proxy
evidence suggest that open woodlands or savannas dominated middle Miocene biomes; neither of
which support many browsers today. Stable carbon isotopes in mammalian herbivore tooth
enamel were used to reconstruct vegetation structure of middle Miocene biomes.
Stable carbon isotopes in C3 dominated environments reflect vegetation density and
herbivores in those environments record dietary values of vegetation in their tissues with
predictable offsets. Tooth enamel was sampled from presumed browsers, mixed-feeders, and
grazers, based on hypsodonty and microwear studies, from four late Barstovian (14.8-12.5 Mya)
localities in Nebraska. Paleoenvironmental interpretations were made using a predictive model
based on δ13C values in C3 vegetation in modern biomes. The model adjusts for differences in
atmospheric δ13C between the Barstovian and present, diet-to-enamel enrichment, and latitudinal
and altitudinal differences in δ13C plant values.
Mean δ13C faunal values plot in the upper range of values expected for C3 vegetation,
suggesting open habitats. Means for several taxa plot in the range for water-

stressed C3 environments; a range that overlaps partially with the range for C4 vegetation. One
individual has a high enough value to unequivocally indicate C4 consumption (δ13C=-6.0). The
taxa that plot in the water-stressed range could potentially indicate up to 5% total C4
consumption, but this is lower than estimates made from paleosol carbonates that suggest 20%
mean C4 biomass at this time. The narrow range in carbon isotope values suggests that browsers,
mixed feeders, and grazers all consumed vegetation in mostly open areas. These results are
consistent with other proxy data suggestive of savanna-woodland biomes during the middle
Miocene, despite high browser diversity, which does not appear to have a modern analogue.
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1. INTRODUCTION
During the late Neogene (~8 to 3 Mya), many global environments were
transformed from landscapes dominated by plants utilizing C3 photosynthesis into
grasslands employing C4 photosynthesis (Edwards et al. 2010). This change is reflected
in notable positive shifts in stable carbon isotope values in both paleosol carbonates and
mammalian herbivore enamel as 13C-enriched C4 plants increased in biomass and
mammals consumed increasing amounts of C4 grasses (Cerling et al. 1993; Wang et al.
1994; Cerling et al. 1997). The paleobotanical microfossil record records this increase in
C4 vegetation by an increase in grass phytoliths (Strömberg and McInerney 2011). Some
authors suggest that C4 vegetation started as geographically isolated pockets and persisted
for long periods before this sudden expansion, unlike earlier hypotheses of a sudden
global takeover (Christin et al. 2008; Vicentini et al. 2008; Feranec and Pagnac 2013). A
study of carbon isotopes in paleosol carbonates suggested that 12-34% (mean=20%) of
C4 biomass was already present in the early Miocene of North America (Fox and Koch
2004). Furthermore, paleobotanical phylogenetic studies have suggested that C4
vegetation originated earlier than the Early Oligocene (Christin, et al. 2008; Vicentini et
al. 2008). However, mammalian faunal isotope studies suggest that, if C4 vegetation was
present, very few mammalian taxa were consuming (Passey et al. 2002; MacFadden and
Higgins 2004; Secord et al. 2008; Boardman and Secord 2013; Kita et al. 2014).
Other authors have suggested that grasslands were not a new feature, and that C3
grasslands were an important biome since the Oligocene and a determining factor in the
increase in grazer diversity before the expansion of C4 grasslands (Stebbins 1981;
MacFadden 1997; Fox and Koch 2003). Studies of phytolith concentrations suggest
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mosaics of grasslands and forests as early as the early Miocene (Strömberg 2002, 2004,
2005). However, during the middle Miocene (18-12 Mya) in North America, browsing
ungulates reached a peak in diversity with up to three times the number of browsing
species present in modern biomes (Janis et al. 2000, 2004). This non-analog peak in
browser diversity must have been supported by a vast amount of browse, but some
evidence suggests that middle Miocene biomes of North America were fairly open
environments, possibly analogous to modern savannas or woodlands (Axelrod 1985;
Retallack 2001; Janis et al. 2004; Fox and Koch 2004; Strömberg 2004). The transition
from browsing to grazing in the Great Plains is best known in equids from faunal isotopes
and changes in hypsodonty indices (Wang et al. 1994; Passey et al. 2002; Strömberg
2006), but this transition is not well studied in many other Miocene ungulates, beyond
comparisons of simple hypsodonty indices (Janis et al. 2000, 2004).
This study samples a large diversity of Perissodactyls and Artiodactyls, many of
which have sparse stable isotope records, to examine the dietary niches of ungulates
present and to create a new and more complete record of faunal isotopes in the middle
Miocene of the Great Plains. This study uses stable carbon isotopes from mammalian
herbivore tooth enamel to infer the vegetation density and to reconstruct the
paleoenvironment of the late middle Miocene.
The reconstruction of middle Miocene paleoenvironments is important for
understanding the transition from forests to grasslands across the Great Plains and for
understanding the environment that supported the elevated browser diversity at this time.
This study seeks to address the following questions: (1) Were ungulates in the
middle Miocene consuming predominantly C3 vegetation? (2) Was the middle Miocene
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(Barstovian) biome characterized by open habitats, closed forests, or a patchwork of
both? (3) Did the peak in browser diversity in the middle Miocene correspond with
browsers partitioning resources in heavily vegetated areas? And (4) Was there a
detectable change in the biome between the Barstovian and the Clarendonian, when
browser diversity began to decline?
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2. BACKGROUND
2.1 Geologic Context
Fossil localities used in this study are distributed as shown in Fig. 1. All faunas
were correlated to the late Barstovian (Ba2: 14.8- 12.5 Mya, Tedford et al. 2004)
biochron of the Barstovian North American Land Mammal Age (NALMA) by Voorhies
(1990a). The late Barstovian is based upon the first appearance of the Gomphotheriidae
and is supported by the presence of the taxa Pliohippus, Neohipparion, Cormohipparion,
Ustatochoerus medius, Longirostromeryx and many others not used in this study
(Tedford et al. 2004). It is also characterized by the last occurrences of Ticholeptus,
Pseudoparablastomeryx, and Bouromeryx (Tedford et al. 2004).
The localities used in this study occur in the Cornell Dam and overlying Crookston
Bridge members of the Valentine Formation of the Ogallala Group, and are characterized
by fluvial deposits containing fossiliferous, semiconsolidated silty sandstones, crossbedded sandstones, and conglomeratic layers (Skinner and Johnson 1984; Voorhies
1990b). Valentine Formation rocks of Ba2 unconformably overlie the Oligocene Rosebud
Formation (Voorhies 1990b).
The basal Cornell Dam Member was deposited above the unconformity and
contains the Hottell Ranch Rhino Quarry, the Immense Journey Quarry (Voorhies et al.
1987), and the Norden Bridge Quarry (Voorhies 1990b). The Hottell Ranch Rhino
Quarry and the Immense Journey Quarry faunas are referred to here as the Hottell
Ranch/Immense Journey (HI) local fauna whereas faunas from Norden Bridge Quarry are
referred to as the Norden Bridge (NB) local fauna. The ages of the local faunas used in
this study can be further constrained by the Hurlbut Ash, which sits above the Norden
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Bridge Quarry. It has been dated at 13.55±0.09 Mya by 40Ar/39Ar dating of glass
(Swisher 1992) and 13.5±0.1 Mya by interpolation of magmatic stage composition
(Perkins and Nash 2002) and limits the Hottell Ranch/Immense Journey and Norden
Bridge local faunas to 14.8-13.6 Mya.
The Crookston Bridge Member of the Valentine Formation sits conformably
above the Cornell Dam Member and contains the Type Valentine Quarry, West Valentine
Quarry, and Railway “b” Quarry (Holman and Sullivan 1981). The faunas from the Type
Valentine Quarry, the West Valentine Quarry, and the Railway “b” Quarry are referred to
here as the Valentine Quarry local fauna. This local fauna occurs above the Hurlbut Ash
(13.55Mya) and below the Swallow Ash in the overlying Ash Hollow Formation, which
has been dated at 12.2±0.12 Mya by 40Ar/39Ar dating of glass (Swisher 1992), however,
the distinct separation between faunas of Barstovian and Clarendonian ages lowers this
boundary to 12.5±0.1 Mya based upon the Cronese Tuff (Tedford et al. 2004) at the base
of the Dove Springs Formation in California. This constrains the Valentine Quarry local
fauna to 13.6-12.5 Mya.
2.2 Carbon Isotopes in Mammals
Mammalian herbivores acquire carbon by ingesting plant material. Metabolism
and biomineralization fractionates stable carbon isotopes from these plants with a
predictable offset (enrichment factor; Cerling and Harris 1999; Passey et al. 2005). The
nature of the diet-tissue relationship allows the carbonate in mammalian herbivore
enamel to be used to estimate the bulk diet of fossil mammals (DeNiro and Epstein 1978;
Cerling and Harris 1999).
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This relationship can be used to tell whether a mammal was consuming primarily
C4 vegetation, C3 vegetation, or a mixture of both. Mammals that consume purely C4
vegetation have much more positive carbon isotope values than mammals that consume
purely C3 vegetation (Vogel 1978; MacFadden and Cerling 1994). These endmember
diets have very little overlap in their isotopic ranges, so intermediate values are indicative
of a mixed diet or, in limited instances, CAM (Crassulian Acid Metabolism) vegetation
(MacFadden and Cerling 1996; Cerling et al. 1997). Plants using CAM photosynthesis
include succulents that grow primarily in very arid environments (Ehleringer et al. 1991).
The biomes these faunas inhabited are interpreted to be sub-humid by floral and paleosol
studies (MacGinitie 1962; Retallack 1997), so CAM vegetation is not considered to be a
major dietary component in this study. C3 plants occupy a variety of biomes ranging from
rainforests to woodlands to savannas and grasslands, whereas C4 vegetation usually
occurs as grasses in open, seasonally dry biomes. Studies have shown that most terrestrial
environments at mid-latitudes before the expansion of C4 grasslands were dominated by
C3 vegetation (Cerling et al. 1993; Quade and Cerling 1995). However, some studies
suggest that considerable C4 biomass (12-34% mean=20%) was present in the early and
middle Miocene (Fox and Koch 2004).
The vegetation density of C3 biomes can be also be interpreted with carbon
isotope values, and thus, can be used to infer an herbivore’s corresponding biome.
Mammals that consume C3 plants that grow in an area where water is readily available
have lower carbon signatures than where plants are water stressed. Generally, carbon
isotopes in plants become more negative with increasing rainfall (Stewart et al. 1995;
Schulze et al. 1998). Mammals that consume plants grown in shade or under a closed
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canopy, rather than in open sunshine, will also have more negative signatures due to
slower photosynthetic rates (Ehleringer et al. 1986; van der Merwe and Medina 1991;
Graham et al. 2014). These environmental trends in C3 vegetation mean that mammalian
herbivores consuming plants in wet, closed environments will have more negative
isotopic signatures than herbivores consuming plants in drier, open environment,
assuming that modern diet-to-enamel enrichment factors can be applied directly into the
past (Koch 1998; Cerling and Harris 1999; Feranec and MacFadden 2006; Secord et al.
2008). Although these trends are helpful in distinguishing between open and closed
environments, distinguishing between types of C3 vegetation is not possible. For
example, a mammal eating C3 grass in a bright, open area can have a similar signature to
a mammal eating C3 browse in the same area. This study assumes that faunas with
signatures in the upper range predicted for C3 biomes reflect the consumption of plants in
a woodland savanna-like environment. Here I use woodland savanna to encompass a
range of possible biomes referring to the gradient between woodlands (less than 80% tree
cover, but with a broken canopy), shrublands (dominated by small-medium woody
plants), and wooded savannas (less than 40% tree cover and a continuous herbaceous
layer containing grasses).
2.3 Oxygen Isotopes in Mammals
Stable oxygen isotopic composition of mammalian herbivore enamel also reflects
environmental factors. Oxygen isotopes in mammal tissues are derived from ingested
water, metabolic water, and water vapor from the atmosphere (Bryant and Froelich
1995). These isotopes are fractionated between the generally constant physiological 18Oenrichment between body water and tissues and taxonomic differences in physiology
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(Bryant and Froelich 1995; Kohn 1996; Kohn et al. 1996). Differences in the
physiological fractionation can help to identify different strategies in water usage among
taxa.
All ingested water is ultimately derived from precipitation, but mammals acquire
their water from sources with different histories of fractionation. Within localities,
mammals that have different hydration requirements will have differing relative isotopic
signatures. Herbivores that derive most of their ingested water from vegetation or that are
drought-tolerant tend to have higher δ18O values. This is because leaf-water is 18Oenriched by evaporation and δ18O values in plants increase with decreasing wateravailability and increasing aridity (Yakir et al. 1990; Levin et al. 2006). In contrast,
mammals that are water-dependent, obligate drinkers, have lower isotope values because
their ingested water is derived more directly from precipitation (Bryant and Froelich
1995; Kohn 1996). Taxa within a local fauna that have relatively high oxygen isotope
values may be indicative of open areas where irradiance causes more evaporation and
therefore an enrichment in 18O (Quade et al. 1995; Cerling et al. 2004; Boardman and
Secord 2013).
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3. METHODS
3.1 Sample Selection
This study includes bulk enamel samples of 126 teeth encompassing 27 genera
from the three local faunas. Specimens are curated in the Division of Vertebrate
Paleontology at the University of Nebraska State Museum (UNSM). Most initial
identifications were done by M.R. Voorhies or R.G. Corner. Identifications were further
checked by comparison with casts of holotypes (when available) and published
taxonomic descriptions. The families and genera from the local faunas are listed in Table
1. Taxa were selected that were most representative of the local fauna. Effort was made
to sample common taxa to capture the general biome and any uncommon or rare taxa to
capture the range of habitats present.
3.2 Sampling and Pretreatment
To avoid damaging important specimens for taxonomic studies, teeth or
fragmentary jaws were preferentially chosen. First molars and deciduous teeth were not
used to avoid potential weaning signals (Jenkins et al. 2001; Balasse 2001; Rountrey et
al. 2007). Late erupting teeth that capture an adult diet, such as third molars and fourth
premolars (Hillson 2005), were given preference, but second molars and third premolars
were also sampled when others were unavailable. Care was taken to only sample pristine
enamel without discolored or decalcified spots or cracks.
Using PlatSil® silicone rubbers and TAP® Four-to-One epoxy resin, molds and
casts were made of uncommon or fragile specimens to preserve morphology for future
researchers.
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Bulk enamel samples were collected under a binocular microscope using a
mounted, NSK®, variable speed dental drill with 1 mm diamond burrs. For each
specimen, approximately 4 mg of enamel was drilled along a non-occlusal surface
perpendicular to the tooth’s growth axis to obtain a time-averaged sample.
Powdered enamel samples were then pretreated following Koch and others
(1997). To remove organic matter, samples were treated with a 3% NaOCl solution for 24
hours, rinsed with deionized water five times, and dried for 10-12 hours in a 60°C oven.
To remove nonstructural carbonates, samples were then treated with a solution of 1 M
acetic acid with calcium acetate as a buffer for 24 hours and rinsed five times with
deionized water. Instead of lyophilizing the samples as suggested in Koch and others
(1997), samples were dried for at least 12 hours at 60°C to remove excess water.
3.3 Isotopic Analysis
Pretreated samples were sent to the University of Michigan Stable Isotope
Laboratory (UMSIL) for stable isotope analysis. CO3 in the enamel samples was
converted to CO2 in a Finnigan MAT Kiel IV preparation device by reacting the samples
with H3PO4 for 17 minutes at 77±1°C. A Finnigan MAT 253 triple collector isotope ratio
mass spectrometer was used to measure the isotopic ratios of the CO2. For both δ13C and
δ18O at UMSIL, analytical precision is better than ±0.1؉ (1σ) at UMSIL (Lora Wingate,
lab manager- pers. comm. 2017) based on international standards for carbonate (NBS-18
and NBS-19). An intra-lab enamel standard was included with each batch of enamel
samples to control variance among batches. MES (a fossil mammoth standard from New
Mexico) had a mean value and variance of δ13C= -9.67±0.02؉ and δ18O=23.17±0.10؉
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(1σ, n=15), which agrees closely with previous runs at UMSIL (δ13C=-9.67±0.03؉;
δ18O=23.19±0.22؉; 1σ, n=27).
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

Isotopic ratios are presented as standard δ-notation where δX=[(𝑅

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

) − 1] ×

1000. Here, X represents the 13C or 18O value and R represents 13C/12C or 18O/16O,
respectively. Here, δ13C values are reported relative to the Vienna PeeDee Belemnite
(VPDB) standard and δ18O values are reported relative to the Vienna Standard Mean
Ocean Water (VSMOW) standard.
Errors on mean values in the rest of this paper are reported as 95% confidence of the
mean (1.96 ×

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
√𝑛−1

).

3.4 Predicting carbon isotope values for middle Miocene mammals
To predict δ13C values for mammalian ungulates feeding in a variety of possible
Barstovian biomes, a model was created following the examples of Secord and others
(2008), Boardman and Secord (2013), and Kita and others (2014). This model used δ13C
values of modern vegetation to characterize a full range of habitats from dense, closed
canopy rainforests to open C3 woodlands to C4 grasslands. The values for these biomes
were normalized to middle Miocene Nebraska by accounting for the following factors:
1. Vegetation receiving the equivalent light and water have δ13C values that differ
based on the latitude at which the plants grew (Körner et al. 1991.) This
adjustment was an increase of approximately 0.3؉/10° latitude (Secord et al.
2008), so all habitats were adjusted to 40.9° N, the average paleolatitude of the
localities included in the study (Douwe et al. 2015).
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2.

Vegetation at different altitudes receiving equivalent light and water also return
different δ13C values. Because the area has not experienced any major orogenic
uplift since deposition, habitats were normalized to 0.86 km, the average modern
altitude of the localities. This was achieved by applying an increasing adjustment
of 0.65؉/1000m (Secord et al. 2008 calculated from Körner et al. 1988)

3. Carbon isotope values in atmospheric CO2, estimated from benthic foraminifera
(Tipple et al. 2010) suggest the late Barstovian atmosphere was approximately
0.48؉ more positive than the present. A second increase of 1.5؉ was made to
account for the 13C-depleting effects of industrialization and the use of fossil fuels
(Friedli et al. 1986). In total, a positive atmospheric adjustment of 1.98؉ was
made to the model.
4. To adjust for diet-enamel enrichment, an enrichment factor (ε*) of 14.1±0.5؉ (1σ)
was applied based on African ruminant and non-ruminant ungulates (Cerling and
Harris 1999). As this study included a diversity of perissodactyls and artiodactyls,
this average ungulate diet-enamel enrichment should be appropriate to
compensate for physiological differences.
Using these adjustments, boundaries for middle Miocene biome δ13C values were
identified. Closed C3 canopy biomes (rainforest and dense monsoonal forest): ≤ -13.1؉;
open C3 canopy biomes (“wet” and “dry” deciduous forest, “dry” tropical forest,
woodland, shrubland, savanna, and C3 grassland): > -13.1؉ to ≤ -7.0؉; mixed C3/C4
biomes: > -7.0؉ to ≤ 1.7؉; and pure C4 grasslands: >1.7؉.
Mammals reporting carbon values towards the upper ranges of open C3 biomes
could be consuming small amounts of C4 vegetation. This study examines the
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paleoenvironment of the late Barstovian, nearly seven million years before the expansion
of C4 grasslands, and it is assumed that these environments were dominated by C3
vegetation. It has been argued, however, that 12-34% (mean=20%) of C4 biomass
persisted through most of the Miocene before the C4 expansion (Fox and Koch 2004)
based on δ13C values in soil carbonates. As a result, an upper limit of C3 consumption
was calculated using drought-stressed C3 vegetation reported from Kenya by Passey and
others (2002). This water-deprived habitat sits at the uppermost range of C3 vegetation
with a mean value of δ13C= -24.6±1.1؉ (95% confidence). After model adjustments, the
upper boundary for an ungulate consuming water-stressed C3 vegetation was -6.4؉.
Therefore, an individual Barstovian mammal must have a δ13C value above -6.4؉ to have
been unquestionably consuming C4 vegetation.
Similarly, a lower boundary was estimated for water-stressed C3 environments
undergoing drought. Using the same drought-stressed C3 vegetation from Kenya (Passey
et al. 2002), the lower limit of a water-stressed C3 biome was -8.7؉. It is possible that
values above this range reflect a C4 vegetation component up to 15-20% of the bulk diet,
so this δ13C value represents the lower limit of water-stressed C3 vegetation or possible
C4 component. Values of δ13C below this are indicative of a pure C3 diet. As aridity in
environments reflects a gradient, faunal values approaching this limit can still indicate
vegetation consumption in arid conditions.
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4. RESULTS
Table 2 presents summary statistics and mean δ13C and δ18O values for genera in
each local fauna, combined groups, and total local faunas.
4.1 Faunal Results
Faunal averages with more than one sample within localities were compared
using ANOVA statistical tests. P-values between pairs are reported in Table 3. Due to
small and uneven sample sizes, I relied on the Tukey-Kramer HSD post hoc test to
predict probabilities of significant differences between means, however, results are also
reported using the Fisher LSD post hoc test. Statistically insignificant pairs were
combined to increase sample size and reduce error around mean values; these are referred
to as “combined groups.” P-values between combined groups are reported in Table 4.
Genera with only one representative sample were left out of the statistical tests and were
only discussed if they crossed a significant boundary in the model.
4.1.1 Hottell Ranch/ Immense Journey Local Fauna (HI)
No significant differences were found among mean δ13C values (Table 3). There
are, however, several significantly different mean δ18O values. The leptomerycid
Pseudoparablastomeryx (δ18O=22.5؉) has significantly lower δ18O values than the
“browsing” horse Parahippus (δ18O=25.9؉, p<0.028). The dromomerycid Rakomeryx
(δ18O=26.8؉) has significantly higher δ18O values than both the rhinoceros Peraceras
(δ18O=23.5؉, p<0.002) and Pseudoparablastomeryx (δ18O=22.5؉, p<0.025). The
combined group of perissodactyls (Table 4), which includes Peraceras, Teleoceras,
Tapiravus, Hypohippus, Parahippus, Merychippus, and Neohipparion, is not significantly
different from Merycodus.
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4.1.2 Norden Bridge Local Fauna (NB)
The “grazing” horse Neohipparion (δ13C= -8.0؉) has a significantly higher mean
δ13C value than the other common horse Merychippus (δ13C= -9.9؉, p<0.010), the less
common, smaller “grazing” horse Calippus (δ13C= -9.9؉, p<0.007), and the
dromomerycid Bouromeryx (δ13C= -9.9؉, p<0.001, Table 3). The combined group of
equids (Table 4) includes Megahippus, Merychippus, Calippus, and Protohippus and is
not significantly different from the combined group of artiodactyls, which include
Ticholeptus and Bouromeryx. There are no significant differences in mean δ18O values
between any of the groups tested.
4.1.3 Valentine Quarry Local Fauna (VQ)
Several genera stand out in this local fauna (Table 3). The oreodont
Ustatochoerus yields a mean δ13C value (δ13C= -11.3؉) significantly lower than
Merychippus (δ13C= -9.0؉, p<0.024), Calippus (δ13C= -9.0؉, p<0.012), Protohippus
(δ13C= -8.8؉, p<0.002), and Pliohippus (δ13C= -9.1؉, p<0.015). All other significant
differences occur between mean δ18O values. The “browsing” horse Parahippus yields
δ18O values (δ18O= 25.0؉) significantly lower than Protohippus (δ18O= 30.0؉, p<0.000)
and the camel Procamelus (δ18O= 28.8؉, p<0.000). Values of δ18O in Protohippus
(δ18O= 30.0؉) are also significantly higher than the rhinoceros Peraceras (δ18O= 26.0؉,
p<0.012). The peccary Dyseohyus (δ18O= 24.6؉) has a mean δ18O value lower than
Merychippus (δ18O= 27.8؉, p<0.039), Protohippus (δ18O= 30.0؉, p<0.003), and
Procamelus (δ18O= 28.8؉, p<0.007). The combined group of perissodactyls (Table 4)
includes Peraceras, Merychippus, Calippus, and Pliohippus.
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4.1.4 C4 consumption
One specimen is above the upper limit of water-stressed C3 vegetation
consumption (δ13C= -6.4؉) and indicates unequivocal C4 consumption (HI Neohipparion
δ13C= -6.0؉). It is important to note, however, that no faunal averages approach this limit
nor plot in the range for C3 water-stressed vegetation.
4.2 Local Results
When taken as a whole, there are no significant differences in mean δ13C values
among the local faunas (Table 5). The Hottell/Immense, Norden Bridge, and Valentine
Quarry local faunas all plot in the open canopy range below the limit for drought-stressed
C3 or possible C4 component (δ13C= -9.1±0.3؉, -9.3±0.4؉, -8.9±0.3؉ respectively).
With regard to mean δ18O values, the HI local fauna (δ18O=-24.8±0.5؉) is
significantly lower than the NB or VQ local faunas (δ18O=26.8±0.6؉, 27.0±0.7؉
respectively).
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5. DISCUSSION
5.1 Significance within local faunas
5.1.1 Hottell Ranch/ Immense Journey local fauna
All individuals from the HI local fauna yield δ13C values in the open canopy
range (Fig. 3). Eleven individuals fall into the water-stressed C3 or possible C4
component range and one individual yields unequivocal C4 consumption (to be discussed
in section 5.2). However, there were no significant differences between the mean faunal
values in carbon (Table 3, 4), and all faunal averages plot in the upper ranges of an open
C3 canopy (Fig. 4, 7). This indicates homogeneity in the biome. Of the genera sampled, 8
of the 13 genera are brachydont and interpreted as browsers (Janis et al. 2004). Despite
the openness of the biome, most of its biomass must have been browse and may be
analogous to a woodland savanna, which may include wooded C3 savannas, shrub-lands,
or woodlands.
Pseudoparablastomeryx, a small leptomerycid, yielded a significantly lower mean
δ18O value (δ18O=22.5±0.6؉) than the combined group of perissodactyls
(δ18O=24.8±0.5؉, Peraceras, Teleoceras, Tapiravus, Hypohippus, Parahippus,
Merychippus, and Neohipparion, Fig. 7). Pseudoparablastomeryx is commonly
interpreted to be a browser due to its brachydont teeth (Janis et al. 2004). Its low δ18O
values could show preference for wetter habitats with, but its δ13C values do not approach
the boundary for wet, closed biomes. Additionally, postcranial analysis reveals fused
metapodials (Janis and Theodor 2014), a common adaptation for cursoriality and living in
open habitats. This suggests Pseudoparablastomeryx was instead an evaporation
insensitive, obligate drinker.
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Rakomeryx, a medium-sized dromomerycid, yielded a significantly higher mean
δ18O value (δ18O=26.8±2.1؉) than the combined group of perissodactyls (Fig. 7).
Brachydont teeth (Janis et al. 2004) and fine microwear with few scratches (Semprebon
et al. 2004) suggest Rakomeryx was a committed browser. The high δ 18O values may
indicate that Rakomeryx consumed most of its browse in dry areas or was evaporation
sensitive and relied partly on leaf-water. Since Rakomeryx does not have significantly
higher δ13C values than other members of the fauna, it was likely evaporation sensitive.
5.1.2 Norden Bridge local fauna
All individuals from the NB local fauna yield δ13C values in the open canopy
range (Fig. 3). Eleven individuals plot in the water-stressed C3 or possible C4 component
range. No individual yields a value consistent with C4 consumption or consumption of C3
in a closed habitat.
Neohipparion, a common, three-toed horse, yielded a significantly higher mean
δ13C value (δ13C= -8.0±0.7؉, Table 4) than the combined group of equids (δ13C= 9.6±0.5؉, Megahippus, Merychippus, Calippus, and Protohippus) and the combined
group of artiodactyls (δ13C= -9.9±0.5؉, Ticholeptus and Bouromeryx). Neohipparion has
been widely interpreted as a grazer from hypsodonty indices (Janis et al. 2004) and
mesowear and microwear studies (MacFadden et al. 1999; Fraser and Theodor 2013).
Previous isotope studies also interpret Neohipparion as grazing in open areas
(MacFadden and Cerling 1996; MacFadden et al. 1999; Kita et al. 2014) and
incorporating C4 vegetation during the C4 grassland expansion. The significantly higher
mean δ13C value of Neohipparion in the Barstovian is also consistent with a grazing
niche, presumably consuming mostly C3 grasses.
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All taxon averages plot in the upper open C3 canopy range (Fig. 5, 8), but seven
of the eleven genera sampled are brachydont (Janis et al. 2004) and have been interpreted
as browsers. Again, much of the biomass of this open biome must have been browse, but
the significant mean of Neohipparion suggest definite patches of C3 grass. The NB local
fauna likely represents a biome analogous to a woodland savanna.
5.1.3 Valentine Quarry local fauna
All individuals and faunal averages from the VQ local fauna yield δ13C values in
the open canopy range (Figs. 3,6,9). Eleven individuals plot in the water-stressed C3 or
possible C4 component range with no individuals yielding unequivocal C4 consumption
or consumption of vegetation in a closed habitat.
Ustatochoerus, a large oreodont, yielded a mean δ13C value (δ13C= -11.3±1.7؉)
significantly lower than that of the combined group of perissodactyls (δ13C= -9.1±0.4؉,
Peraceras, Merychippus, Calippus, and Pliohippus, Table 4). With mesodont teeth
(Stevens and Stevens 1998), Ustatochoerus may have been a mixed feeder. Significantly
lower δ13C values suggest that it preferred wetter, denser habitats than the combined
group of perissodactyls (Fig. 9), primarily horses; however, neither individual or faunal
mean values plot in the closed canopy biome. Instead, the presence of this significantly
lower mean δ13C value may be indicative of a habitat within the otherwise open biome
analogous to the Riparian Thicket (Fig. 2, Codron et al. 2005), which grew fairly dense
vegetation in an open Kenyan savanna.
Several genera had significantly different mean δ18O values from the rest of the
local fauna. Parahippus (δ18O=25.0±0.5؉) had a significantly lower mean value than
Procamelus (δ18O=28.8±1.0؉, Tables 3, 4). This may indicate that Parahippus, a sub-
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mesodont horse interpreted as a browser (Janis et al. 2004), had a different hydration
strategy than Procamelus. It is plausible that Procamelus was more evaporation sensitive
than Parahippus, and may have been somewhat drought tolerant.
Protohippus yielded a significantly higher mean δ18O value (δ18O=30.0±1.7؉)
than Parahippus (δ18O=25.0±0.5؉) and the combined group of perissodactyls
(δ18O=27.1±0.7؉, Tables 3, 4). Previous studies found that Protohippus, a large threetoed horse, was a grazer based on its high hypsodonty index (Janis et al. 2004) and on
dental mesowear and microwear (Fraser and Theodor 2013). The high mean δ18O values,
coupled with previous interpretations, suggest that Protohippus consumed grasses in
open, dry habitats where leaf-water δ18O values would be elevated from water stress.
Dyseohyus, a small peccary, yielded a significantly lower mean δ18O value
(δ18O=24.6±2.3؉) than the combined group of perissodactyls (Table 4). The low mean
value may indicate it was living in a wetter habitat or was evaporation insensitive.
Of the local faunas sampled, the VQ local fauna has the greatest number of
significantly different pairs. This suggests that the environment was less homogeneous
than the other local faunas even though its mean faunal carbon value is not significantly
different than the other local faunas (Table 5). With Protohippus consuming vegetation in
open, grassy areas and Ustatochoerus and Dyseohyus consuming vegetation in wetter,
more densely vegetated areas, there were more distinct habitats present in the biome
represented by the VQ local fauna. Only seven of the fifteen genera sampled were
brachydont (Janis et al. 2004) and were presumably consuming browse, but this local
fauna indicates the presence of the most varied habitats. The range of mean values
yielded by the faunas (Figs. 6, 9) indicates a riparian thicket-like habitat surrounding a
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river grading out to a woodland savanna with grassy habitats. This is supported by the
Kilgore Flora, a temporally equivalent macroflora found near the Valentine Quarry
localities. MacGinitie (1962) concluded that the Kilgore Flora was taphonomically biased
towards streamside plants leaving an overabundance of riparian fossils. Small amounts of
grass and shrub pollen and seeds indicate the presence of savanna-like habitats on the
floodplain further from the depositional channel (MacGinite 1962). The collection of
megaflora and microflora suggest a riparian thicket habitat grading into a grassy, mixed
oak and pine woodland (MacGinitie 1962). The stable carbon and oxygen isotopes from
the local fauna are consistent with this interpretation.
5.2 C4 vegetation in middle Miocene Nebraska
One individual indicates unequivocal C4 consumption (HI Neohipparion δ13C= 6.0؉). This appears to be the earliest record of C4 consumption in a mammal in the Great
Plains, followed by probably C4 consumption by the equid Cormohipparion from Ashfall
Fossil Beds (δ13C up to -4؉, Clementz et al. 2001). In the upper member of the Barstow
Formation of California (14.0-13.4Mya), the individual equids Scaphohippus (δ13C= 6.3؉) and Acritohippus (δ13C= -6.2؉) also yielded values high enough to indicate
unequivocal C4 consumption (Feranec and Pagnac 2013) inferred by the model used in
this study. A study of paleosol carbonates suggests the 12-34% (mean=20%) of biomass
was employing C4 photosynthesis in the early and middle Miocene (Fox and Koch 2004).
Most faunal isotope studies suggest that herbivores were not consuming C4 vegetation if
it was indeed present (Passey et al. 2002; Secord et al. 2008; Boardman and Secord 2013;
Kita et al. 2014), but phylogenetic studies of foliar anatomy and nuclear and chloroplast
genes also suggest C4 vegetation had much earlier origins and was present in small
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patches up until C4 grassland expansion during the later Neogene (Christin et al. 2008;
Vicentini et al. 2008). If C4 vegetation was present as mean 20% of biomass, it is
possible that vegetation models employed are calibrated too low to detect C4
consumption or that mammalian herbivores did not exploit it as a food resource.
Individuals with δ13C values plotting in the range water-stressed C3 vegetation
may have alternatively been consuming up to 15-20% C4 vegetation. Out of all 126 bulk
enamel samples, 34 individuals (27% of the total sample) yielded values in this range. If I
assume that all individuals plotting in the water-stressed range were actually consuming
20% C4 vegetation, C4 vegetation would only comprise ~5% of total consumed biomass.
This calculation indicates that very few mammals were exploiting C4 vegetation
present in the biome, or that the amount of available C4 is overestimated. This finding is
similar to that of an earlier study of Clarendonian and Hemphillian faunas that also found
little evidence for C4 consumption, although mammals in the C3 water-stressed range
could conceivably have been consuming small amounts of C4 vegetation (Kita et al.
2014).
5.3 Barstovian biomes in Nebraska
Comparison of whole faunas reveals no significant difference between mean δ13C
values (Table 5). All local faunas have mean δ13C values that plot in the upper ranges of
open canopy C3 biomes (Fig. 2). All individuals were consuming vegetation grown under
an open canopy with some water-stressed vegetation, or the presence small amounts of C4
(Fig. 3). While one individual does show unequivocal C4 consumption, the data do not
support the hypothesis that any more than ~5% of total biomass was utilizing C4
photosynthesis. The homogeneity of the data suggests that Nebraska’s biomes during the
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Barstovian were characterized by open woodland-savannas. Small habitats of riparian
thicket-like areas and open C3 grassy areas may also have existed.
One irregularity that occurs in δ13C values is the very positive values yielded by
Tapiravus from each local fauna. Modern tapirs live in densely forested habitats and,
through the evolutionary history of tapirs, the form and function of a tapir has remained
relatively unchanged (DeSantis and MacFadden 2007). Fossil tapirs yield consistent δ13C
values (range -10.1؉ to -14.3؉) and have been used as indicators of densely forested
habitats (DeSantis and MacFadden 2007). The Tapiravus individuals from this study all
plot between δ13C= -10.3؉ and δ13C= -9.0؉. It is likely that these tapirs were consuming
vegetation in more riparian habitats, but that the Barstovian biomes were homogeneously
open and could not register very negative δ13C values.
The HI local fauna yields a significantly lower mean δ18O value than the NB or
VQ local faunas. Differences in whole faunal δ18O values are unlikely to be due to
physiological differences in the taxa sampled as each local fauna consisted of a diversity
of ungulates. Local differences are more likely to be caused by waters sources from
different watersheds. The HI local fauna is separated geographically from the NB and VQ
local faunas, although the NB and HI local faunas are both contained within the Cornell
Dam Member of the Valentine Formation. It has been noted that the fossiliferous bed at
the HI localities contained locally sourced gravel instead of igneous and metamorphic
gravel from Rocky Mountain basement uplifts of the Laramide Orogeny (Voorhies et al.
1987). This suggests a river disconnected from the drainage basins near the Rocky
Mountains may supplied much of the sediment to this locality. A differing water source
may account for the HI local fauna’s lower mean δ18O value.
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5.4 Biome change from the Barstovian to the Clarendonian (~10Mya)
After the middle Miocene (12-8 Mya), browser diversity began to decline,
presumably due to a decline in the amount of available browse and, eventually, the
expansion of C4 grasslands (Janis et al. 2004). To examine if this decline of the middle
Miocene browsing diversity is detectable as a change in biomes, Barstovian faunal data
are compared to two previously sampled Clarendonian local faunas from Nebraska. The
North Shore and Pratt Slide local faunas, assigned to the late Clarendonian (10.0-9.0
Mya, Tedford et al. 2004), were compared as wholes to the local faunas in this study. Pvalues between pairs of local faunas are reported in Table 6.
The Pratt Slide faunal values showed a significantly lower local mean δ13C value
(δ13C= -11.8±0.4؉) than all Barstovian local faunas. This is not surprising as Kita and
others (2014) found that Pratt Slide was also significantly lower than the other pre-C4
grassland expansion local faunas sampled. Although it is possible that densely vegetated
biomes existed during the Clarendonian, Pratt Slide data likely represents a habitat in an
incised valley (Voorhies, pers. comm.) rather than the channel deposits represented by
the North Shore, Hottell Ranch/ Immense Journey, Norden Bridge, and Valentine Quarry
local faunas.
The mean δ13C value of the North Shore local fauna (δ13C= -9.4±0.4؉), however,
showed no significant differences from any Barstovian local fauna (Fig. 10). This
suggests that both Barstovian and Clarendonian biomes were homogeneously open. Kita
and others (2014) interpreted the North Shore local fauna as analogous to a “dry”
woodland-savanna or C3 grassland. The predictive model is limited, however, as it cannot
distinguish between endmembers of the woodland-savanna gradient because they possess
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the same degree of openness. It is possible that, while browser diversity decline from the
Barstovian to the Clarendonian is not marked by a significant change in biome, a subtler
change in vegetation occurred to spark the decline in browser diversity that is
undetectable by the data.
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6. CONCLUSIONS
The goal of this study was to construct a model for inferring middle Miocene
terrestrial biomes using stable carbon isotopes in mammal teeth and to address whether
middle Miocene biomes in Nebraska, were open savanna-like environments, as inferred
from some other studies, more forested closed environments, or a mixture of both.
Ungulates living in the central Great Plains during the middle Miocene consumed
predominantly C3 vegetation. One individual Neohipparion shows definitive C4
consumption before the expansion of C4 grasses, and represents one of the earliest
examples of a mammal consuming C4 vegetation. Several other individual mammals
show consumption of water-stressed C3 or a small component of C4 in a mostly C3 diet
indicating up to 5% of biomass consumed by the fauna could have been C4 vegetation.
The middle Miocene (Barstovian) biomes were characterized by predominantly open
biomes, such as woodland, bushland, or wooded savanna. Certain taxa indicate the
presence of smaller habitats within the open biome such as grassy patches and riparian
thickets. These findings are broadly consistent with earlier interpretations. The peak in
browser diversity in the middle Miocene did not correspond with the partitioning of
browsers in heavily forested areas. The large diversity of browsers in the Barstovian must
have subsisted on browse growing in open habitats and partitioned resources in a manner
undetectable by the methods in this study. There was no detectable change in the biome
between the Barstovian and the younger Clarendonian as browser diversity began to
decline, but subtler changes in vegetation within the biome are not detectable by the
model and do not preclude the possibility of changes in vegetation, such as an increase in
C3 grasses.
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Figure 1. General geographic distribution of the Nebraskan localities used in this study and their correlated biochronologic
(NALMA) and geochronologic (Epoch) age. Local faunas are represented by pie charts displaying the proportions of genera
sampled by hypsodonty index. Brachydont genera are shown in black, mesodont genera in grey, and hypsodont genera in
white.
Age distributions: Voorhies 1990a and Tedford et al. 2004. Hypsodonty indices: Janis et al. 2004.
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Figure 2. Predictive model for δ13C values of middle Miocene herbivore enamel in
various biomes based on δ13C values from modern vegetation normalized to the
paleolatitude and altitude of Nebraska, USA with adjustments for diet-to-enamel
enrichment and atmospheric changes (see text). Open biomes are shown with circles and
closed biomes are squares. Error bars on biomes, habitats within the biomes, and the
average δ13C values for the local faunas used in this study represent 95% confidence of
the mean (1.96*S.E.).
Sources: (A) Cerling, et al. 2004, (B) Ehleringer et al. 1987, (C) Balesdent et al. 1993,
(D) Codron et al. 2005, (E) Jessup et al. 2003, (F) Yan et al. 1998, (G) Sobrado and
Ehleringer 1997, (H) Mooney et al. 1989, (I) Sandquist and Cordell 2007, (J) Williams
and Ehleringer 1996, (K) Cerling and Harris 1999, (L) Passey et al. 2002
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Figure 3. Individual faunal values from the local faunas overlain with the boundaries of
the predictive model for δ13C values of herbivore enamel.
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Figure 4. Mean δ13C and δ18O values for all genera in Hottell Ranch/Immense Journey
with vegetation boundaries. Error on faunal averages represent 95% confidence of the
mean of all individuals within that taxa (1.96*S.E.).
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Figure 5. Mean δ13C and δ18O values for all genera in Norden Bridge with vegetation
boundaries. Error on faunal averages represent 95% confidence of the mean of all
individuals within that taxa (1.96*S.E.).
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Figure 6. Mean δ13C and δ18O values for all genera in Valentine Quarry with vegetation
boundaries. Error on faunal averages represent 95% confidence of the mean of all
individuals within that taxa (1.96*S.E.).
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Figure 7. Mean δ13C and δ18O values for significant genera and reduced groups in Hottell
Ranch/ Immense Journey with vegetation boundaries. Error on faunal averages represent
95% confidence of the mean of all individuals within that taxa (1.96*S.E.).
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Figure 8. Mean δ13C and δ18O values for significant genera and reduced groups in Norden
Bridge with vegetation boundaries. Error on faunal averages represent 95% confidence of
the mean of all individuals within that taxa (1.96*S.E.).
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Figure 9. Mean δ13C and δ18O values for significant genera and reduced groups in
Valentine Quarry with vegetation boundaries. Error on faunal averages represent 95%
confidence of the mean of all individuals within that taxa (1.96*S.E.).
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Figure 10. Mean δ13C and δ18O values of Nebraskan local faunas compiled from this
study and from Kita et al. 2014 with vegetation boundaries. Error on local averages
represent 95% confidence of the mean of all individuals within the local fauna
(1.96*S.E.).
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Table 1. Genera included in this study and the literature used to confirm identifications.
Fossils were also compared to representative specimens within the UNSM collections
and holotypes when available.
Order

Family

Perissodactyla Rhinocerotidae

Genus

Literature Used

Peraceras crassus

Prothero 1998, Mead 1999.

Teleoceras medicornutus
Aphelops megalodus
Equidae

Megahippus mckennai

Gidley 1907, Matthew

Hypohippus osborni

1926, Quinn 1955, Corner

Parahippus cognatus

1976, Hulbert and

Merychippus insignis

MacFadden 1990,

Cormohipparion sp.

Voorhies 1990b,

Neohipparion republicanus

MacFadden 1992,

Calippus placidus

Woodburne 1996,

Protohippus perditus

MacFadden 1998.

Pliohippus mirabilis

Artiodactyla

Chalicotheridae

undet.

Coombs 1998.

Tapridae

Tapiravus polkensis

Colbert and Schoch 1998

Merycoidodontidae Brachycrus sp.

Schultz and Falkenbach

Ticholeptus sp.

1941, Macdonald 1956,

Ustatochoerus medius

Schultz and Falkenbach
1968, Stevens and Stevens
1998.
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Camelidae

Tayassuidae

Aepycamelus robustus

Corner 1976, Honey et al.

Procamelus occidentalis

1998.

"Dyseohyus" xiphodonticus

Stock 1937, Corner 1976,
Voorhies 1990b.

Dromomerycidae

Rakomeryx sp.

Frick 1937, Janis and

Bouromeryx americanus

Manning 1998, Prothero
and Liter 2008.

Antilocapridae

Merycodus minor

Frick 1937, Voorhies
1990b, Janis and Manning
1998.

Leptomerycidae

Pseudoparablastomeryx scotti

Webb 1998, Metais and
Vislobokova 2007.

Moschidae

Parablastomeryx sp.

Corner 1976, Prothero

Blastomeryx gemnifer

2007.

Longiostromeryx blicki

54

Table 2. Descriptive statistics for genera included in local faunas. Asterisks indicate
combined groups used in the combined pairwise comparisons and include the taxa listed
above the category.
δ13C(VPDB)

δ18O(VSMOW)

Mean (؉) Median (؉) 1.96*S.E. (؉)

LF

Genus

n

HI

Peraceras

6

-9.5

-9.6

0.6

0.6

-10.4 to -8.8

23.5

23.6

0.6

0.7

22.7 to 24.4

HI

Teleoceras

6

-9.9

-9.7

1.0

1.2

-11.9 to -8.3

24.9

24.5

1.6

1.8

23.2 to 28.1

HI

Hypohippus

4

-9.6

-9.7

0.7

0.6

-10.1 to -8.7

24.5

24.9

1.2

1.0

23.0 to 25.2

HI

Parahippus

5

-8.8

-8.8

0.2

0.2

-9.1 to -8.5

25.9

26.7

1.6

1.6

23.2 to 27.2

HI

Merychippus

5

-8.2

-8.3

0.9

0.9

-9.2 to -7

25.1

25.1

0.9

0.9

24.2 to 26.3

HI

Neohipparion

5

-8.5

-9.1

1.4

1.4

-9.3 to -6.0

24.9

24.7

1.0

1.1

23.6 to 26.0

HI

Tapiravus

3

-9.5

-9.2

1.0

0.7

-10.3 to -9

25.0

23.8

3.0

2.2

23.7 to 27.5

HI

Perissodactyls*

34

-9.1

-9.1

0.4

1.0

-11.9 to -6.0

24.8

24.6

0.5

1.4

22.7 to 28.1

HI

Cormohipparion

1

-8.2

-

-

-

-

27.0

-

-

-

-

HI

Chalicothere

1

-9.1

-

-

-

-

27.3

-

-

-

-

HI

Brachycrus

1

-9.1

-

-

-

-

28.5

-

-

-

HI

Pseudoparablastomeryx

3

-9.5

-9.3

0.6

0.5

-10.0 to -9.1

22.5

21.9

2.0

1.5

21.5 to 24.2

HI

Merycodus

6

-9.2

-9.1

0.7

0.8

-10.4 to -8.3

23.8

23.8

0.8

0.9

22.5 to 24.9

HI

Rakomeryx

3

-9.2

-9.1

0.9

0.6

-9.8 to -8.6

26.8

26.1

2.1

1.5

25.8 to 28.6

49

-9.1

-9.1

0.3

0.9

-11.9 to -6.0

24.8

24.7

0.5

1.7

21.5 to 28.6

Hottel Ranch/ Immense Journey

S. D. (؉)

Range (؉)

Mean (؉) Median (؉) 1.96*S.E. (؉)

S.D. (؉)

Range (؉)

-

NB

Megahippus

2

-8.4

-8.4

0.4

0.2

-8.5 to -8.3

27.8

27.8

3.4

1.7

26.6 to 29.0

NB

Merychippus

5

-9.9

-9.5

0.9

1.1

-11.3 to -8.6

25.7

25.1

0.9

1.8

23.8 to 28.7

NB

Calippus

5

-9.9

-9.9

0.9

1.0

-11.2 to -8.5

27.1

27.1

0.8

0.8

25.7 to 27.9

NB

Protohippus

5

-9.5

-9.6

0.5

0.6

-10.1 to -8.8

26.3

25.9

1.6

1.7

24.3 to 28.8

NB

Equids*

17

-9.6

-9.6

0.5

0.9

-11.3 to -8.2

26.5

26.6

0.8

1.5

23.8 to 29.0

NB

Neohipparion

5

-8.0

-7.8

0.7

0.7

-8.8 to -7.0

27.3

27.2

0.9

0.9

25.8 to 28.2

NB

Hypohippus

1

-9.8

-

-

-

-

26.8

-

-

-

NB

Aphelops

1

-7.2

-

-

-

-

27.5

-

-

-

NB

Ticholeptus

2

-9.8

-9.8

2.5

1.3

-10.7 to -8.9

28.5

28.5

2.7

1.3

27.5 to 29.4

NB

Bouromeryx

5

-9.9

-10.2

0.5

0.5

-10.3 to -9.2

26.7

26.6

2.6

2.6

23.7 to 29.3

NB

Artiodactyls*

7

-9.9

-10.2

0.5

0.6

-10.7 to -8.9

27.2

27.5

1.9

2.4

23.7 to 29.4

NB

Aepycamelus

1

-8.3

-

-

-

-

28.6

-

-

-

NB

Blastomeryx

1

-9.4

-

-

-

-

23.8

-

-

-

33

-9.3

-9.4

0.4

1.1

-11.3 to -7.0

26.8

27.0

0.6

1.7

23.7 to 29.4

Norden Bridge Quarry

-

-

VQ

Peraceras

3

-9.6

-10.0

1.5

1.1

-10.4 to -8.3

26.0

25.9

1.5

1.1

24.9 to 27.1

VQ

Merychippus

5

-9.0

-8.8

0.9

0.9

-10.4 to -7.9

27.8

27.8

1.7

1.7

25.7 to 30.2

VQ

Calippus

4

-9.0

-9.0

0.6

0.5

-9.5 to -8.5

26.8

26.6

2.2

1.9

24.9 to 29.0

VQ

Pliohippus

5

-9.1

-9.5

0.7

0.7

-9.8 to -8.2

27.1

26.8

0.9

0.9

26.3 to 28.7

VQ

Perissodactyls*

17

-9.1

-9.1

0.4

0.8

-10.4 to -7.9

27.1

26.8

0.7

1.5

24.9 to 30.2

VQ

Parahippus

4

-10.1

-10.0

1.4

1.2

-11.6 to -8.6

25.0

25.1

0.5

0.5

24.5 to 25.5

VQ

Protohippus

5

-8.8

-8.9

0.4

0.4

-9.2 to -8.3

30.0

29.5

1.7

1.7

27.9 to 32.6

VQ

Megahippus

1

-8.8

-

-

-

-

30.7

-

-

-

-

VQ

Hypohippus

1

-11.3

-

-

-

-

26.8

-

-

-

-

VQ

Cormohipparion

1

-9.7

-

-

-

-

25.3

-

-

-

-

VQ

Tapiravus

1

-9.7

-

-

-

-

24.9

-

-

-

VQ

Procamelus

5

-9.5

-9.3

0.4

0.4

-9.9 to -9.1

28.8

29.0

1.0

1.0

27.1 to 29.8

VQ

Ustatochoerus

2

-11.3

-11.3

1.7

0.9 -11.9 to -10.7

26.3

26.3

0.1

0.1

26.3 to 26.4

VQ

Dyseohyus

5

-10.3

-10.1

0.7

0.7 -11.1 to -10.0

24.6

24.3

2.3

2.4

21.7 to 28.3

VQ

Parablastomeryx

1

-12.5

-

-

-

-

27.8

-

-

-

VQ

Longirostromeryx

1

-7.9

-

-

-

-

24.9

-

-

-
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-9.6

-9.4

0.3

1.1

-12.5 to -7.9

27.0

26.8

0.7

2.2

Type Valentine Quarries

-

21.7 to 32.6
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Table 3. Matrices of pairwise probabilities of mean differences in δ13C (left) and δ18O (right) between multiply sampled genera
in each local fauna. Bold values indicate significant differences using Fisher’s LSD post hoc (α ≤0.05). An asterisk after a
value indicates significant differences using Tukey’s post hoc (α≤0.05).
HI
13

18

δ C, δ O

1

1 Pera cera s

1.000, 1.000

2 Tel eocera s

0.588, 0.098

1.000, 1.000

3 Ta pi ra vus

0.916, 0.138

0.650, 0.934

1.000, 1.000

4 Hypohi ppus

0.938, 0.098

0.686, 0.675

0.875, 0.671

1.000, 1.000

5 Pa ra hi ppus

0.039, 0.009

0.089, 0.378

0.084, 0.551

0.040, 0.182

1.000, 1.000

6 Merychi ppus

0.016, 0.007

0.029, 0.842

0.075, 0.954

0.034, 0.362

0.162, 0.371

1.000, 1.000

7 Neohi ppa ri on

0.119, 0.023

0.106, 1.000

0.284, 0.921

0.184, 0.553

0.590, 0.299

0.705, 0.775

1.000, 1.000

8 Merycodus

0.382, 0.494

0.265, 0.216

0.565, 0.268

0.415, 0.327

0.407, 0.028

0.094, 0.046

0.332, 0.102

1.000, 1.000

9 Pseudoparablastomeryx 0.867, 0.207

0.618, 0.090

0.966, 0.180

0.817, 0.094

0.033, 0.028*

0.063, 0.020

0.279, 0.036

0.564, 0.150

1.000, 1.000

0.450, 0.002*

0.403, 0.160

0.600, 0.310

0.452, 0.058

0.252, 0.450

0.139, 0.082

0.433, 0.078

0.950, 0.007

0.553, 0.025*

δ13C, δ18O

1

2

3

4

5

6

7

1 Mega hi ppus

1.000, 1.000

2 Merychi ppus

0.125, 0.235

1.000, 1.000

3 Neohi ppa ri on

0.457, 0.606

0.010*, 0.136

1.000, 1.000

4 Ca l i ppus

0.094, 0.454

0.959, 0.180

0.007*, 0.725

1.000, 1.000

5 Protohi ppus

0.039, 0.332

0.512, 0.639

0.004, 0.282

0.508, 0.375

1.000, 1.000

6 Ti chol eptus

0.262, 0.699

0.887, 0.120

0.050, 0.218

0.906, 0.137

0.720, 0.163

1.000, 1.000

7 Bouromeryx

0.009, 0.615

0.995, 0.533

0.001*, 0.650

0.949, 0.762

0.282, 0.785

0.824, 0.416

1.000, 1.000

δ13C, δ18O

1

2

3

4

5

6

7

8

9

1 Pera cera s

1.000, 1.000

2 Pa ra hi ppus

0.591, 0.124

1.000, 1.000

3 Merychi ppus

0.408 0.150

0.122, 0.008

1.000, 1.000

4 Ca l i ppus

0.406, 0.542

0.130, 0.081

0.882, 0.415

1.000, 1.000

5 Protohi ppus

0.170, 0.012*

0.038, 0.000*

0.678, 0.087

0.413, 0.034

1.000, 1.000

6 Pl i ohi ppus

0.506, 0.166

0.157, 0.002

0.707, 0.433

0.781, 0.744

0.309, 0.011

1.000, 1.000

7 Proca mel us

0.847, 0.010

0.306, 0.000*

0.258, 0.324

0.163, 0.081

0.021, 0.216

0.362, 0.026

1.000, 1.000

8 Us tatochoerus

0.158, 0.694

0.190, 0.009

0.024*, 0.297

0.012*, 0.764

0.002*, 0.037

0.015*, 0.311

0.007, 0.022

1.000, 1.000

9 Dys eohyus

0.325, 0.395

0.699, 0.708

0.035, 0.039*

0.024, 0.181

0.004, 0.003*

0.036, 0.059

0.062, 0.007*

0.147, 0.377

10 Ra komeryx

2

3

4

5

6

7

8

9

NB

VQ

1.000, 1.000

10

1.000, 1.000
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Table 4. Matrices of pairwise probabilities of mean differences in δ13C (left) and δ18O
(right) between multiply sampled genera in each local fauna. Genera with insignificant
mean differences are combined into combined groups. Bold values indicate significant
differences using Fisher’s LSD post hoc (α ≤0.05). An asterisk after a value indicates
significant differences using Tukey’s post hoc (α≤0.05).
HI
1
1 Perissodactyls
1.000, 1.000
2 Merycodus
0.958, 0.118
3 Pseudoparablastomeryx
0.576, 0.013*
4 Rakomeryx
0.923, 0.023

2

3

4

1.000, 1.000
0.564, 0.149
0.950, 0.007*

1.000, 1.000
0.553, 0.025*

1.000, 1.000

NB
1 Equids
2 Artiodactyls
3 Neohipparion

1
1.000, 1.000
0.509, 0.426
0.002*, 0.329

2

3

1.000, 1.000
0.001*, 0.950

1.000, 1.000

VQ
1 Perissodactyls
2 Parahippus
3 Protohippus
4 Procamelus
5 Ustatochoerus
6 Dyseohyus

1
1.000, 1.000
0.047, 0.008
0.299, 0.003*
0.345, 0.025
0.001*, 0.515
0.008, 0.011*

2

3

4

5

6

1.000, 1.000
0.038, 0.000*
0.306, 0.000*
0.190, 0.009
0.699, 0.708

1.000, 1.000
0.021, 0.216
0.002*, 0.037
0.004, 0.003*

1.000, 1.000
0.007, 0.515
0.062, 0.011*

1.000, 1.000
0.147, 0.377

1.000, 1.000

Table 5. Matrices of pairwise probabilities of mean difference in δ13C (left) and δ18O
(right) between local faunas. Bold values indicate significant differences using Fisher’s
LSD post hoc (α ≤0.05). An asterisk after a value indicates significant differences using
Tukey’s post hoc (α≤0.05).
Local Faunas
1. Hottell/ Immense
2. Norden Bridge
3. Valentine Quarry

1
1.000, 1.000
0.450, 0.000*
0.042, 0.000*

2

3

1.000, 1.000
0.302, 0.589

1.000, 1.000
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Table 6. Matrices of pairwise probabilities of mean difference in δ13C (left) and δ18O
(right) between Barstovian (HI, NB, VQ) and Clarendonian (NS, PS) local faunas from
Kita et al. 2014. Bold values indicate significant differences using Fisher’s LSD post hoc
(α ≤0.05). An asterisk after a value indicates significant differences using Tukey’s post
hoc (α≤0.05).
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Table 7. Raw data from bulk sampling of enamel.
Museum Number

Genus

Local Fauna

δ13C(VPDB)

δ18O(VPDB)

δ18O(VSMOW)

UNSM 135061

Brachycrus

Hottell/Immense

-9.1

-2.3

28.5

UNSM 133509

cf. Merychippus

Hottell/Immense

-8.9

-5.6

25.1

UNSM 133510

cf. Merychippus

Hottell/Immense

-8.3

-4.4

26.3

UNSM 133511

cf. Merychippus

Hottell/Immense

-9.1

-6.5

24.2

UNSM 133512

cf. Merychippus

Hottell/Immense

-7.0

-6.3

24.4

UNSM 133513

cf. Merychippus

Hottell/Immense

-7.6

-5.3

25.4

UNSM 135057

Chalicothere

Hottell/Immense

-9.1

-3.5

27.3

UNSM 117959

Cormohipparion

Hottell/Immense

-8.2

-3.8

27.0

UNSM 117957

Hypohippus

Hottell/Immense

-9.9

-5.7

25.0

UNSM 135051

Hypohippus

Hottell/Immense

-10.1

-6.0

24.7

UNSM 135052

Hypohippus

Hottell/Immense

-9.5

-5.6

25.2

UNSM 135953

Hypohippus

Hottell/Immense

-8.7

-7.7

23.0

UNSM 135070

Merycodus

Hottell/Immense

-9.8

-6.7

24.0

UNSM 135068

Merycodus

Hottell/Immense

-9.2

-7.2

23.5

UNSM 135067

Merycodus

Hottell/Immense

-8.3

-5.9

24.9

UNSM 135071

Merycodus

Hottell/Immense

-8.9

-7.5

23.1

UNSM 135069

Merycodus

Hottell/Immense

-10.4

-8.1

22.5

UNSM 135072

Merycodus

Hottell/Immense

-8.3

-5.9

24.8

UNSM 133504

Neohipparion

Hottell/Immense

-9.2

-4.8

26.0

UNSM 133505

Neohipparion

Hottell/Immense

-6.0

-7.1

23.6

UNSM 133506

Neohipparion

Hottell/Immense

-8.7

-6.1

24.7

UNSM 133507

Neohipparion

Hottell/Immense

-9.2

-6.5

24.2

UNSM 133508

Neohipparion

Hottell/Immense

-9.1

-4.8

26.0

UNSM 133500

Parahippus

Hottell/Immense

-8.9

-7.5

23.2

UNSM 133501

Parahippus

Hottell/Immense

-8.8

-5.2

25.5

UNSM 133502

Parahippus

Hottell/Immense

-8.8

-4.1

26.7
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UNSM 133503

Parahippus

Hottell/Immense

-8.5

-4.1

26.7

UNSM 117958

Parahippus

Hottell/Immense

-9.1

-3.6

27.2

UNSM 121632

Peraceras

Hottell/Immense

-10.4

-8.0

22.7

UNSM 121634

Peraceras

Hottell/Immense

-8.8

-6.9

23.8

UNSM 121633

Peraceras

Hottell/Immense

-9.8

-6.3

24.4

UNSM 121631

Peraceras

Hottell/Immense

-9.9

-7.9

22.8

UNSM 121627

Peraceras

Hottell/Immense

-9.4

-7.1

23.6

UNSM 121930

Peraceras

Hottell/Immense

-8.9

-7.0

23.7

UNSM 135063

Pseudoparablastomeryx

Hottell/Immense

-9.1

-6.5

24.2

UNSM 135062

Pseudoparablastomeryx

Hottell/Immense

-9.3

-8.7

21.9

UNSM 135066

Pseudoparablastomeryx

Hottell/Immense

-10.0

-9.1

21.5

UNSM 135056

Rakomeryx

Hottell/Immense

-9.1

-2.3

28.6

UNSM 135054

Rakomeryx

Hottell/Immense

-9.8

-5.0

25.8

UNSM 135055

Rakomeryx

Hottell/Immense

-8.6

-4.7

26.1

UNSM 135058

Tapiravus

Hottell/Immense

-10.3

-3.3

27.5

UNSM 135059

Tapiravus

Hottell/Immense

-9.2

-6.9

23.8

UNSM 135060

Tapiravus

Hottell/Immense

-9.0

-7.0

23.7

UNSM 122259

Teleoceras

Hottell/Immense

-9.5

-6.5

24.3

UNSM 122256

Teleoceras

Hottell/Immense

-8.3

-7.1

23.6

UNSM 122282

Teleoceras

Hottell/Immense

-10.1

-2.7

28.1

UNSM 122286

Teleoceras

Hottell/Immense

-9.5

-5.2

25.6

UNSM 122260

Teleoceras

Hottell/Immense

-11.9

-6.0

24.7

UNSM 122258

Teleoceras

Hottell/Immense

-9.8

-7.5

23.2

UNSM 54873

Aepycamelus

Norden Bridge

-8.3

-2.2

28.6

UNSM 84631

Aphelops

Norden Bridge

-7.2

-3.4

27.5

UNSM 83534

Blastomeryx

Norden Bridge

-9.4

-6.9

23.8

UNSM 83506

Bouromeryx

Norden Bridge

-9.2

-6.3

24.4

UNSM 83890

Bouromeryx

Norden Bridge

-10.2

-1.5

29.3
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UNSM 83505

Bouromeryx

Norden Bridge

-9.6

-7.0

23.7

UNSM 83507

Bouromeryx

Norden Bridge

-10.3

-1.6

29.3

UNSM 83514

Bouromeryx

Norden Bridge

-10.2

-4.2

26.6

UNSM 90596

Calippus

Norden Bridge

-10.1

-5.0

25.7

UNSM 53839

Calippus

Norden Bridge

-9.7

-3.0

27.9

UNSM 53845

Calippus

Norden Bridge

-9.9

-3.2

27.7

UNSM 84227

Calippus

Norden Bridge

-8.5

-3.8

27.0

UNSM 53846

Calippus

Norden Bridge

-11.2

-3.7

27.0

UNSM 84208

Hypohippus

Norden Bridge

-9.8

-3.9

26.8

UNSM 84206

Megahippus

Norden Bridge

-8.5

-1.9

29.0

UNSM 84205

Megahippus

Norden Bridge

-8.2

-4.2

26.6

UNSM 85041

Merychippus

Norden Bridge

-8.6

-5.7

25.0

UNSM 85053

Merychippus

Norden Bridge

-10.8

-4.7

26.1

UNSM 85082

Merychippus

Norden Bridge

-9.5

-2.2

28.7

UNSM 85189

Merychippus

Norden Bridge

-9.3

-5.6

25.1

UNSM 85060

Merychippus

Norden Bridge

-11.3

-6.9

23.8

UNSM 84069

Neohipparion

Norden Bridge

-7.6

-2.8

28.0

UNSM 84080

Neohipparion

Norden Bridge

-7.0

-3.6

27.2

UNSM 84082

Neohipparion

Norden Bridge

-8.8

-4.9

25.8

UNSM 84066

Neohipparion

Norden Bridge

-7.8

-3.7

27.1

UNSM 84172

Neohipparion

Norden Bridge

-8.5

-2.7

28.2

UNSM 90124

Protohippus

Norden Bridge

-9.3

-4.9

25.8

UNSM 90122

Protohippus

Norden Bridge

-9.6

-6.4

24.3

UNSM 90118

Protohippus

Norden Bridge

-10.0

-2.0

28.8

UNSM 90119

Protohippus

Norden Bridge

-8.7

-4.9

25.9

UNSM 84258

Protohippus

Norden Bridge

-10.1

-4.2

26.6

UNSM 85581

cf. Ticholeptus

Norden Bridge

-10.7

-3.3

27.5

UNSM 85583

cf. Ticholeptus

Norden Bridge

-8.9

-1.4

29.4
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UNSM 98396

Calippus

Valentine Quarry

-9.5

-5.8

24.9

UNSM 98395

Calippus

Valentine Quarry

-8.7

-1.8

29.0

UNSM 135073

Calippus

Valentine Quarry

-8.5

-5.2

25.6

UNSM 98391

Calippus

Valentine Quarry

-9.4

-3.1

27.7

UNSM 135088

cf. Dyseohyus

Valentine Quarry

-9.3

-6.0

24.7

UNSM 135090

cf. Dyseohyus

Valentine Quarry

-10.0

-9.0

21.7

UNSM 96908

cf. Dyseohyus

Valentine Quarry

-10.1

-6.4

24.3

UNSM 135089

cf. Dyseohyus

Valentine Quarry

-11.1

-6.6

24.2

UNSM 135087

cf. Dyseohyus

Valentine Quarry

-10.9

-2.6

28.3

UNSM 77020

Cormohipparion

Valentine Quarry

-9.7

-5.5

25.3

UNSM 135094

Hypohippus

Valentine Quarry

-11.3

-4.0

26.8

UNSM 135095

Longiostromeryx

Valentine Quarry

-7.9

-5.9

24.9

UNSM 135091

Megahippus

Valentine Quarry

-8.8

-0.2

30.7

UNSM 100374

Merychippus

Valentine Quarry

-8.5

-4.0

26.7

UNSM 100383

Merychippus

Valentine Quarry

-9.1

-0.7

30.2

UNSM 100376

Merychippus

Valentine Quarry

-8.8

-2.1

28.8

UNSM 100379

Merychippus

Valentine Quarry

-10.4

-5.0

25.7

UNSM 100378

Merychippus

Valentine Quarry

-7.9

-3.0

27.8

UNSM 135098

Parablastomeryx

Valentine Quarry

-12.5

-3.0

27.8

UNSM 135078

Parahippus

Valentine Quarry

-8.6

-5.4

25.3

UNSM 135076

Parahippus

Valentine Quarry

-10.1

-6.2

24.5

UNSM 135075

Parahippus

Valentine Quarry

-10.0

-5.9

24.8

UNSM 135077

Parahippus

Valentine Quarry

-11.6

-5.2

25.5

UNSM 98339

Peraceras

Valentine Quarry

-8.3

-4.8

25.9

UNSM 135079

Peraceras

Valentine Quarry

-10.4

-3.7

27.1

UNSM 135080

Peraceras

Valentine Quarry

-10.0

-5.8

24.9

UNSM 100328

Pliohippus

Valentine Quarry

-8.2

-3.7

27.1

UNSM 100311

Pliohippus

Valentine Quarry

-9.5

-4.5

26.3

UNSM 100317

Pliohippus

Valentine Quarry

-9.6

-4.2

26.6
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UNSM 100316

Pliohippus

Valentine Quarry

-8.7

-2.2

28.7

UNSM 98416

Pliohippus

Valentine Quarry

-9.8

-3.9

26.8

UNSM 98272

Procamelus

Valentine Quarry

-9.9

-1.8

29.1

UNSM 94136

Procamelus

Valentine Quarry

-9.8

-1.1

29.8

UNSM 94143

Procamelus

Valentine Quarry

-9.1

-1.9

28.9

UNSM 94144

Procamelus

Valentine Quarry

-9.2

-3.7

27.1

UNSM 135086

Procamelus

Valentine Quarry

-9.3

-1.9

29.0

UNSM 135084

Protohippus

Valentine Quarry

-9.1

-1.4

29.5

UNSM 135081

Protohippus

Valentine Quarry

-8.3

-0.4

30.5

UNSM 135082

Protohippus

Valentine Quarry

-8.4

-1.4

29.5

UNSM 135083

Protohippus

Valentine Quarry

-8.9

-2.9

27.9

UNSM 135085

Protohippus

Valentine Quarry

-9.2

1.6

32.6

UNSM 98383

Tapiravus

Valentine Quarry

-9.7

-5.8

24.9

UNSM 135092

Ustatochoerus

Valentine Quarry

-11.9

-4.5

26.3

UNSM 135093

Ustatochoerus

Valentine Quarry

-10.7

-4.4

26.4

